Introduction
Oxytocin (OT) and arginine vasopressin (AVP) are nonapeptides that differ in two amino acid residues [1] . OT and AVP are synthesized mostly in distinct neurons in the paraventricular nucleus (PVN) and supraoptic nucleus (SON) in the hypothalamus [2, 3] . OT and AVP are secreted into the blood circulation and have physiological roles in peripheral organs, such as the uterus, mammary gland, and kidney. They induce contraction of uterine and mammary duct smooth muscle or diuretic action in the kidney as hormones [4] [5] [6] .
OT, AVP, and their receptors are present in the brain not only in females during specific reproductive periods but also in non-reproductive females and males [6] . Accumulating evidence has established that, in addition to classical hormonal functions, both peptides play critical roles in social recognition and social behavior in mammals, including humans [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . This review focuses mainly on OT. The main point is not a general functional role of OT in a comprehensive review, but the molecular mechanisms of OT secretion into the brain that is critical in the neuronal function of OT in social recognition and behavior [4, 11, 13, 21] .
Another reason to focus on the release is that the mechanism contains a very important aspect in terms of physiological science, in that the proposed idea challenges the principal rule in physiology of depolarization-secretion coupling [22] [23] [24] . Furthermore, this mechanism seems to have a potential relationship to autism spectrum disorder (ASD), a serious developmental disorder, which is a rapidly advancing field in neuroscience and psychiatry and is a serious disorder in our society [25] [26] [27] [28] . There have been many reviews regarding the relationship between ASD and OT [29] [30] [31] [32] [33] [34] [35] . However, there have been few regarding the molecular mechanism of OT release into the brain [4] , which is the critical step for social recognition and social behavior [26] [27] [28] .
Somato-axodendritic release of oxytocin
OT is secreted from the nerve terminals of axons of oxytocinergic neurons at the perivascular site in the posterior lobe of the pituitary into the circulation [4] (Fig. 1) . Oxytocinergic neurons send their axons to the amygdala and some other limited brain regions and secrete OT from the nerve terminals [4, 12, 15] . It is known that adrenaline stimulates oxytocinergic neurons in the SON, which results in local release of OT in the brain [5, 36] . This release occurs from the cell soma, axons, and dendrites, i.e., somato-axodendritic release [37] [38] [39] .
Locally released OT causes excitation of OT neurons by activating OT receptors expressed in neurons of both the PVN and SON [40] [41] [42] [43] . OT stimulates OT receptors and facilitates OT release from the stimulated neurons. Released OT can stimulate OT receptors and elicits release from the same neurons (autocrine) or nearby neurons (paracrine) [44] (Fig. 2) . This OT-induced OT release determines the basal brain concentrations and elevated concentrations of OT. The concept of autoregulation, OTinduced OT release, can be an extremely efficient way to achieve massive OT recruitment during uterine contraction in labor and milk ejection in lactation [5, 6, [45] [46] [47] . Autoregulation, however, is also an essential brain mechanism for social recognition in daily life in both genders, as proposed previously [25, 27, 28] .
Oxytocin receptors and cellular signaling
OT receptors are seven-transmembrane proteins that couple with the G q/11 -type GTP-binding protein [48] . Stimulation of OT receptors leads to the production of inositol-1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DAG) through the activation of phospholipase C (PLC) [ protein-coupled receptor signaling pathways [57] [58] [59] . Specifically, the activation of ADP-ribosyl cyclase or CD38 by cyclic GMP-or cyclic AMP-dependent protein kinases has been reported in Aplysia californica, liver cells [60, 61] , LAK cells [62, 63] , and artery smooth muscle cells [57] (Fig. 3) . cADPR is a catalytic product of ADP-ribosyl cyclase or ectopic CD38 [50, 51, 63] (Fig. 4) . cADPR is produced in the extracellular space by the large C-terminal portion of CD38 with catalytic activity that may be present in the extracellular space. Therefore, it is unclear how extracellular cADPR produced by CD38 acts as an intracellular second messenger. It has been reported that cADPR applied extracellularly stimulates intracellular ryanodine receptors after internalization by the nucleotide-transporting capacity of CD38 in fibroblasts and astrocytes (the nucleotide carrier hypothesis of De Flora) [64, 65] . Recently, it was reported that the type II transmembrane glycoprotein, CD38, may exist in two forms with regard to membrane topology [66, 67] ; the large C-terminal portion with catalytic activity may exist in the extracellular space as the type II protein, and this catalytic site may also exist inside the cell as the type III form (Fig. 4a) . In the latter case, the product of CD38, cADPR, is produced intracellularly, and acts directly as a second messenger (two topology hypothesis of Lee). Oxytocin release by extracellular application of cyclic ADP-ribose . Only cADPR showed a potentiation effect, indicating that OT release utilizes the cADPR/ryanodine calcium amplification system (Fig. 5) .
Effects of oxytocin on ADP

Involvement of TRPM2 channels
Melastatin-related transient receptor potential channel 2 (TRPM2, previously named TRPC7 or LTRPC2) possesses ADPR hydrolase activity and is a Ca 2? -permeable cation channel. b-NAD ? , ADPR, and cADPR can activate TRPM2 channels [70] . TRPM2 activation by cADPR is promoted at body temperature ([35°C) and is involved in insulin secretion in pancreatic b cells [71] . In addition, TRPM2 channels are related to receptor functions through cADPR formation [72] .
Extracellularly applied cADPR can activate [Ca 2? ] i signaling via CD38 or TRPM2 channels downstream of OT receptors. [Ca 2? ] i increases in the model neuron, NG108-15 mouse neuroblastoma 9 rat glioma hybrid cells that possess CD38 [58, 73] but not OT receptors [74] , as in the isolated whole hypothalamus after stimulation with extracellularly applied cADPR [69, 75] . Interestingly, the same tissues show significantly greater increases upon extracellular challenge with cADPR together by heating to 40°C from 35°C in the incubation medium (Fig. 6) 
Contribution of CD38
In the central nervous system, ADP-ribosyl cyclase activity corresponding to CD38 is detected as early as embryonic day 15 in mouse development [76] . In the brain, expression levels of CD38 and ADP-ribosyl cyclase activity increase with further development [77] . The role of CD38 in ? binds to the central catalytic site of CD38. The large C-terminal part is located in the extracellular space, as the type II transmembrane protein, or intracellular space as the type III transmembrane protein, according to Lee and colleagues [66, 67] . CD38 has three enzymic activities.
CD38 catalyzes formation of cyclic ADP-ribose from b-NAD
? by cleaving nicotinamide. cADPR is hydrolyzed to form ADP-ribose.
b-NAD
? also has NAD ? glycohydrolase activity to form ADP-ribose from b-NAD ? in one step. The scheme of enzyme activity is modified from Lee [50] regulation of OT secretion through cADPR-mediated intracellular calcium signaling has been clearly demonstrated using CD38 knockout mice [11, 21, 78, 79] . The plasma and cerebrospinal fluid OT levels are reduced in CD38 knockout mice. Electron microscopic examination exhibited little to no release from the nerve endings of oxytocinergic neurons in the pituitary of CD38 knockout mice (Fig. 1) . These phenotypes were rescued by simple subcutaneous injection of OT as well as brain local reexpression of human CD38, but not mutant CD38, by the lentivirus infection method in CD38 knockout mice [21] .
Human social behavior and psychiatric disorders
As CD38 is recognized as being closely related to OT release and social memory in mice, we examined the association of single nucleotide polymorphisms (SNPs) in the human CD38 gene on ASD [80] . In a series of elegant studies in 323 mothers, fathers, and non-parents, Epstein and colleagues reported that risk alleles on CD38 influx TRPM2 cation channels. (including rs3796863) genes are associated with less parental touch. In contrast, relatively high plasma OT levels in subjects with low-risk CD38 alleles predict longer durations of parent-infant gaze synchrony. Furthermore, parents that display more touch toward their infants were reported to have been well cared for in childhood, to exhibit higher plasma to levels, and to have lowrisk CD38 alleles [29, 30, 81] . The mother's CD38 allele predicts parental behavioral synchrony at 1 and 6 months of their first-born infants and children's social reciprocity during interactions with their best friend at 3 years. CD38 in the OT pathway was shown to be critical for parentinfant attachment and attention [82] . A SNP on the CD38 gene is also associated with social integration and social connectedness [83] . Several studies indicated the association of CD38 with ASD [84] [85] [86] [87] . Ten SNPs and mutations of CD38 were examined, and the CD38 SNPs, rs6449197 and rs3796863, were shown to be linked with high-functioning ASD in participants in the USA but not in Japan. These findings were partially replicated among Israeli subjects [29, 31, 32, 87] .
Conclusion
This review discussed how OT is released into the brain. (Fig. 7) . In addition, Ca 2? influx through TRPM2 channels contribute more to increases in [Ca 2? ] i . This hypothesis of depolarizationindependent but heat-sensitive Ca 2? signaling for OT release is consistent with the previous suggestion of dendritic release of OT without depolarization [4, 21, 39] .
OT exerts an anxiolytic effect during stress, and stress sometimes induces hyperthermia. It is therefore interesting to examine how stress induces hyperthermia, which results in subsequent OT release. OT release seems to be important in damping the stress-induced disadvantage.
OT is an essential molecule for social memory and social behavior [21, 29] . Deficiency in social behavior is the core symptom of ASD. Recently, Yamasue and his group reported that repetitive intranasal OT administration for 6 weeks improved symptoms of the social behavior domain [88] . This result could be due to the delivery of OT to the brain by intranasal administration, but there is still little direct evidence regarding whether OT is recruited into the brain from the peripheral tissues or organs crossing the blood-brain barrier from the blood circulation. Several important questions regarding OT secretion into the brain and OT-induced Ca 2? signaling and OT transport from the blood to the brain remain to be resolved. 
